A laboratory investigation has been achieved to study the effect of flow velocity on the corrosion behaviour of Cu-Ni 90/10 alloy immersed in synthetic seawater, at 60 °C which simulates the real condition of desalination industry in the south of Tunisia. Flow velocity was one of major parameters influencing the oxidation process of cupronickel pipe, through its effect on mass transport and corrosion rate. This influence has been examined on a laboratory scale by means of electrochemical techniques like: Potentio-dynamic polarization, electrochemical impedance spectroscopy (EIS) and linear polarization resistance (LPR). Results show that the flow velocity has a significant influence on corrosion rate, compared to static immersion. This effect was confirmed by means of corrosion current density (icorr) increase and polarization resistance Rp decrease with exposure time, as indicated by LPR and EIS measurements. Corrosion was attributed to the film deterioration by the erosion corrosion phenomena, caused essentially by hydrodynamic conditions. Indeed, at stagnant condition, the substrate proves a higher corrosion resistance due to the stability of the protective layer.
Introduction
Copper-nickel alloys are well known for their good resistance to corrosion in seawater. Therefore, these materials have been mainly used for marine piping, including condenser and heat exchanger tubing materials in desalination plants [1, 2] . The good resistance to seawater corrosion of the alloy is generally attributed to formation of the protective corrosion product film on the surface when exposed to seawater [3, 4] .
Based on literature data, like Liebert et al. [5, 6] studied the films formed on 90-10 exposed to sea water with flowing at 1.8 m s −1 . After 10 days the surface was covered by a relatively tenacious red cuprite film, with smaller amounts of tenorite (black, CuO) and some hydroxychlorides. Moreover, ROSS [7] presented data from X-ray diffraction of the corrosion product films formed on 90-10 in sea water under desalination plant conditions. The main product formed at 60 °C was Cu 2 O; The Auger data indicated the presence of Ca, Mg, and large amounts of iron in the outer layer. Popplewell et al. [8, 9] also found mainly Cu 2 O and Cu 2 (OH) 3 Cl in the corrosion product films formed on 90-10 cupronickel in 3.4% NaCl solutions.
Failure of heat exchanger tube due to oxidation presents a great problem in desalination plant. The flow velocity was the major parameters influencing the corrosion of pipe materials, through its effect on mass transport and other phenomena like erosion-corrosion [1, 10, 11] . Based on the work achieved by Efird [12] , seawater circulation over a substrate surface creates a shear stress between the surface and the 1 3 closet layer of seawater to the metal. As velocity increases, the oxygen supplies increases (cathodic depolarization) and corrosion products are removed from the metallic surface. This latter becomes more and more exposed to corrosive solution which leads to the gradual increase of corrosion rate.
Only a limited number of studies have focused on the effect of flow velocity on the corrosion of copper-nickel alloys in seawater by means of rotating circular electrode which is well suited to simulate its sensitivity in pipes [13] . Moreover, as far as we know, no one has investigated this parameter using a pump, to approach the real condition in industrial plant and generate a turbulent regime in electrochemical cell.
Therefore, the purpose of this work is to study the effect of flow velocity and exposing time on the corrosion resistance and electrochemical behaviour of Cu-Ni 90/10 alloy in simulating conditions of desalination plant.
Experimental Set-up

Samples and Corrosive Electrolyte for Electrochemical Tests
A Cu-Ni 90/10 alloy was used in this current investigation. Its composition was shown in Table 2 . Each working electrode was mechanically cut from Cu-Ni 90/10 tube and embedded into epoxy resin, leaving a 0.780 cm 2 exposed surface area.
Electrochemical tests are carried in artificial seawater. Its specification was summarised in Table 1 . Experiments were performed at 60 °C under static (stagnant) and hydrodynamic conditions (Flow velocity v = 0.01 L s −1 ) ( Table 2 ).
Experimental cell
The electrochemical studies were carried out in a thermostatic cell with a double glass wall for the control of temperature equipped with a pump to change the flow velocity as shown in Fig. 1 . This special three-electrode cell assembly contains a platinum grid used as counter electrode, Red-Rod saturated calomel as reference electrode (SCE) and Cu-Ni 90/10 as working electrode. Before electrochemical tests, the surface was polished with SiC papers of decreasing grit size (120-4000), then rinsed with distilled water and putted immediately into the electrochemical cell to prevent its oxidation in dry air.
For reproducibility, each test was performed three times.
Electrochemical Measurements
Electrochemical measurements were conducted on a VMP2 multichannel potentiostat (PARC, USA) and all potentials were reported with respect to SCE. The stationary electrochemical study was carried out by using a potentiostat controlled by a master Volta software 4.
The potentio dynamic polarization
In order to understand the electrochemical behaviour of cupronickel 90/10, the potentiodynamic polarization was studied by measure the cathodic and anodic zone separately at three different values of flow rate 0, 0.01 and 0.026 L s −1 . The polarization experiments are achieved in two steps separately: The first test was the cathodic polarization, at first time the working electrode was polished with SiC papers of decreasing grit size (120-4000), followed by rinsing with distilled water and immerged immediately in electrolyte solution to measure the chatodic branch. The potential scanning is carried out from − 1.2 Vvs SCE to E OCP . The second test presents the anodic polarization, it was performed separately, and the working electrode is removed from the solution, polished again, rinsed with distilled water and exposed to corrosive solution. The potential scanning is carried out from E OCP to 0.2 V vs SCE. The scan rate was arbitrarily chosen to 1 mV s −1 .That's why we plot the polarization curves separately. All the experimental data obtained by potentiodynamic polarization studies were normalized to the surface area of 1 cm 2 .
The Electrochemical Impedance Spectroscopy (EIS)
The Electrochemical Impedance Spectroscopy (EIS) tests were carried out in the same three-electrode cell assembly previously mentioned (Sect. 2.2) using an electrochemical work station, VSP Bio-Logic potentiostat. EIS measurement were recorded at the open circuit potential (OCP) in the frequency range from 100 kHz to 3 mHz with a disturbance sinusoidal wave of ± 5 mV amplitude. The impedance values are normalized to the surface area of 1 cm 2 . Ageing time does not exceed 8 days of immersion in synthetic seawater.
Linear polarisation resistance: LPR
The LPR technique was developed to determine the instantaneous corrosion rate measurement of Cu-Ni sample [14, 15] based on Stern-Geary theory [16] . It was a rapid and non-intrusive method, requiring only localised damage. The Cu-Ni 90/10 specimens is polarised from its equilibrium potential by a small over voltage, ∆E which is usually in the range 10-30 mV, to ensure that for active corrosion the potential shift lies within the linear Stern-Geary region.
Results and Discussion
Flow Effect on the Polarization Behavior
In order to evaluate the flow effect on oxidation process and film formation, potentio-dynamic tests were carried out under stagnant and hydrodynamic conditions. The test starts immediately after immersion of the working electrode in the corrosive solution to prevent modification of the metal surface. For the cathodic polarization curves, the scanning starts from cathodic potential equal to − 1.2 V/SCE to corrosion potential. However, for the anodic polarization curves, the scanning starts from corrosion potential and continues in the anodic direction until the potential reaches 0.2 V/SCE. Figure 2 shows polarization curves recorded with the different studied systems. The corrosion parameters extrapolated from these curves: corrosion potential (E corr ), corrosion current density (i corr ), Tafel slops (β a and β c ) and polarization resistance (R p ) are given in Table 3 .
The results obtained in Fig. 2 clearly show that in both static and hydrodynamic conditions, the polarization curves have the same shape and almost overlap. This indicates that the mechanism of the anodic and cathodic reactions is not affected by the flow velocity, and the oxidation processes are controlled just by restraining the rates of reactions [17] [18] [19] .
The cathodic domain presents the reduction region of hydrogen ions or oxygen molecules. These species must be adsorbed on the substrate surface in order to react and transported from the bulk solution up to the metal/solution interface [20] . This domain was subdivided into three branches of potential:
The first area (I) is related to potential value lower than − 1000 mV/SCE. It is characterized by a decrease of the current density and corresponds to the reduction of protons. This reaction was confirmed by an intensive gassing observed during the recording of this cathodic branch. Its intensity is weakly affected by flow circulation.
The second area (II) is a bearing of length close to − 250 ± 50 mV. It corresponds to the diffusion and reduction of the dissolved oxygen. When the flow velocity is equal to 0 L s −1 , the plateau of oxygen diffusion is well distinguish with a limit current equal to log (i) = − 0, 25 mA cm −2 followed by the wave of reduction (see zone zoom Fig. 2a ). When the flow velocity reaches 0.01 L s −1 , the plateau of oxygen diffusion completely disappears, which indicates that the limit current depends on the flow velocity of the medium. This is in good agreement with results obtained from OCP measurement.
The third area (III) is the Tafel field which lies between the corrosion potential and the limit of the oxygen-diffusion current. It is relative to the reduction reaction of dissolved oxygen according to Eq. 1:
The corrosion current density (I corr ) was determined from extrapolation of the current limits to the corrosion potential.
The anodic region spanning from the corrosion potential to more positive potential values comprises 2 areas of potential:
Domain I This is the area of anodic activation or "anodic tafel branch". It is characterized by an increase in current to reach the passive critical current density (J CP ). This area
corresponds to the process of charge transfer. It is the dissolution of copper according to Eq. 2 [21] .
Domain II The variation of the current density in this domain depends on the studied system. In fact, under stagnant conditions, a decrease of the current to reach a minimum value called passive current density (J PAS ) is noticied. This behavior probably, due to a reaction occurring between cuprous ions Cu + formed from copper dissolution and chloride ions Cl − of the corrosive solution (Eq. 3):
As the CuCl has a very solubility product (Ks ≈ 3.2 × 10 −7
). This corrosion product is likely to adsorb onto the substrate surface, forming a layer which could decrease the oxidation rate of the initial step of alloy degradation [22] [23] [24] [25] [26] . After a short passivation, a sudden increase of the current density occurs. Indeed, despite the low solubility of CuCl, the chloride ions can easily penetrate in the deposited layer to form the complex of CuCl 2 − according to Eq. 4 [21, 27] . However, in hydrodynamic condition, Domain II is characterized by an increase of anodic current. We believe that the turbulence of fluid prevents the adsorption and formation of a chloride copper layer CuCl on the metal surface.
Examination of Table 3 reveals that the fluid circulation generates an increase of corrosion current density i corr in parallel with a decrease of polarization resistance Rp. This behavior infers that the flowing prohibits the formation of protective layer on the metal surface. The corrosion potential E corr moves slightly in the cathodic direction.
The semi-logarithmic polarization curves were plotted and Tafel was applied, we have limited an extrapolation potential range of ± 100 mV/SCE around the corrosion potential Ecorr in the activation domain, to extrapolate Ecorr and log (icorr).
When:
The sensitivity of cupronickel alloy to flow velocity was investigated at laboratory scale by means of pump to ensure the fluid circulation and to simulate real site. As preliminary conclusion of this stationary technic, it appears that the flow velocity of 0.01 L s −1 favors the metal oxidation at 60 °C in artificial sea water at first stage of immersion. The film formed on the metal surface seems weaker and unstable. So, these conditions exhibit its deterioration. To confirm these results, we used electrochemical impedance spectroscopy.
Flow effect on the OCP measurements
The evolution of corrosion potential versus time was a wellsuited qualitative method for controlling interface modification between the substrate and its corrosive environment [28, 29] .
The cupronickel 90/10 electrodes were immersed in synthetic seawater for 192 h at 60 °C to observe the evolution of OCP versus time. Figure 3 indicates that the substrate has not reached a steady state in both stagnant and hydrodynamic conditions. The same figure shows that, for the whole immersion period, the OCP values measured under hydrodynamic condition are more anodic than those registered under static conditions. Nevertheless, the two curves are formed of 2 domains. The first one is characterized by a shift of the potential towards the cathodic domain. Under hydrodynamic condition, the potential decrease is rapid and lasts about 24 h. During this time, the OCP moves from − 200 to − 260 mV/SCE.
However, in the case of static condition, the OCP decreases progressively during 96 h of immersion to reach − 340 mV/ECS. This evolution of potential indicates that the
metal was oxidized during immersion in corrosive solution. However, the oxidation period is shorter in hydrodynamic condition. The second domain is characterized by an ennoblement of the potential. At the end of the test, the OCP reaches approximately − 320 mV vs SCE under static condition. While, its value is close to − 205 mV vs SCE when, the flow velocity is 0.01 L s −1 . We think that in static environment, the concentration of the oxygen is more important, which pulls the OCP values towards the cathodic domain. However, in hydrodynamic conditions, the flow of the solution will derive the bulk oxygen to the electrode surface causing more oxidation and shifting the potential to more positive values.
Electrochemical Impedance Spectroscopy (EIS) Studies
Presentation of Results and Discussion
Electrochemical Impedance Spectroscopy (EIS) was used, on one hand, to follow the variation of the characteristic electrochemical parameters related to the studied interface, and on other hand, to evaluate the stability and the growth of the protective films. The immersion has been achieved in artificial seawater at 60 °C, under stagnant and hydrodynamic conditions. Figure 4 shows Nyquist and Bode diagrams recorded at different times of immersion in the corrosive medium.
Under stagnant condition, all Nyquist diagrams keep the same shape; they reveal a capacitive behavior characterized by an incomplete semicircle. The high values of the impedance indicate a high resistance of the 90/10 cupronickel to metallic degradation probably due to the presence of a protective layer rich in copper and nickel oxide. The size of the diagrams increases considerably and reaches its maximum after 8 days. This result shows that the stability of the film continues to improve during time. Venkata Appa et al. [30] studied the electrochemical behavior of Cu-Ni (90/10) alloy in stagnant synthetic seawater at 30 °C. They attributed the evolution of impedance to high values, to the stability of the film which becomes more protective and thicker. These results are mentioned in other research works [31, 32] . In another study, Burleigh and Waldeck [33] proposed that the corrosion rate is only influenced by the magnitude of electronic transfer through the film.
We think that the absence of the diffusion impedance in our diagrams is due to the chosen frequency range which is limited to 3 mHz.
Under hydrodynamic condition, during the first 24 h of immersion, the Nyquist diagrams are also formed of a single capacitive loop whose size reaches a high value after 1 day of exposure. Beyond this period, the size of the spectrum shows a considerable decrease and the pace reveals two distinct semi-circles. This evolution shows that the film formed rapidly on the metal surface becomes unstable when the immersion time increases. It was undoubtedly deteriorated by the erosion corrosion phenomenon. Then, it becomes more stable and resistive to corrosion attack after 8 days of immersion.
In order to confirm these results, visual investigation were achieved on corroded tube removed from condenser installed within industrial plant in the south of Tunisia after 10 years of service as shown in Fig. 5 . We note the presence of several corrosion attacks with different morphologies and pit size. External pits throughout the wall thickness were also visible and corrosion hole on the external surface of the tube is clearly shown. Besides, cluster of small corrosion pits is revealed on the lower part of tube bundle. Figure 5a indicates that the surface is also covered by calcareous deposit. Moreover, the high level risk of erosion corrosion induced by seawater that can lead an active surface and pipe dissolution was confirmed (Fig. 5b) .
In this context, many authors like Efird et al. [34] found that at low velocities which are usually less than 3.5 m s −1 , the 90/10 cupronickel submit general corrosion rates in seawater range from 0.01 to 0.20 mm year −1 (0.2-17.6 A cm −2 ). However at high velocities [35] [36] [37] severe breakaway are initiated causing an attack and rapid failure of the metal. The authors make the following hypothesis: the corrosion kinetic of 90-10 copper-nickel alloys was susceptible to flow velocity and high temperature of the corrosive medium.
Barker et al. [33] also found that when the flow rate is raised beyond a critical point, the protective film will be damaged by erosion corrosion and the active underlying metal will be exposed ('breakaway corrosion'). This critical point is limited to 3.5 m s −1 for the pipe diameter superior to 100 mm.
All these studies are in good agreement with our results. The phase angle as shown in Bode plots reveal that the phase reaches a maximum value of 70° after 4 days under stagnant condition. However, if the synthetic seawater circulates around the electrode, the electrochemical behavior of the substrate changes. The angle phase decreases from 71° after 12 h to 57° after 4 days of immersion then increase after 192 h. The values of these angles are always less than 90°. Such behavior indicates that the capacity is not ideal due to the heterogeneity of the surface, porosity and mass transport [38] . This justifies the use of the constant phase element, called CPE, to modelize experimental diagrams.
Effect of exposing time and flow velocity on EIS parameters
The electric equivalent circuit (EEC) used to simulate the experimental impedance data is shown in the Fig. 6 . It was the most used for interpreting the behavior of the copper alloy in corrosive salty environments. We note the presence of two slopes in Bode spectra, which justified the use of two CPE experimental data This equivalent circuit contains: R e which presents the electrolyte resistance between the both working and reference electrode. The first time constant (R 1 , CPE 1 ) was attributed to the charge transfer, where, R 1 is the charge-transfer resistance R ct and CPE 1 is the electrical capacity of double layer C dl . The second time constant (R 2 , CPE 2 ) is attributed to faradic process (R F , C F ).
The equivalent circuit parameters such as resistances, or CPE parameters (n and Q), are extracted graphically or by adjustment. All electrical parameters obtained by fitting the EIS experimental results are summarized in Table 4 .
The graphical methods presented by Orazem et al. [39] were used to obtain the CPE parameters (n and Q), where n is a value representing the deviation from purely capacitive behavior and Q is expressed in F cm 2 s n−1 . When the value of n approaches to the unit; a pure capacitive behavior is observed [40] . Whereas if n is less than 1, the system displays a behavior that is attributed to the heterogeneity of the surface [41, 42] , or to a continuous distribution of time constants for charge transfer reactions [43, 44] . CPE elements are generally converted to an effective or apparent pure capacitance (C eff ) [45, 46] using the following Eq. 6:
The parameters obtained from experimental data modelization allowed us to trace and compare the electrochemical behavior of these two systems during immersion time. Figure 7 shows, for both systems, the curves R F = f (t), R ct = f (t) and R p = f (t).
As several authors [47] , we estimated R p according to Eq. 7:
We perceive that with the stagnant system, the values of resistances are considerably greater than those measured under hydrodynamic conditions and they increase with time doesn't exceed 4 days. On the contrary, Table 4 indicates a shift of the resistances value obtained under hydrodynamic conditions with higher exposure times.
The evolution shows that the film formed under stagnant conditions is more protective than that formed in the turbulent environment only after 96 h of immersion. Indeed, the film formed in the first case slows down the charge transfer process and limits the mass transport through its porosities.
Rt .
Fig. 6 The CEE used to simulate the experimental impedance data indicated in Fig. 5 
Table 4
Electrical Parameters obtained by fitting the EIS Experimental results indicated in Fig. 5 Time R e (Ω cm 2 ) (±0.1) 
Comparative study between linear polarization resistance LPR and Rp
Linear polarization measurements (LPR) were performed to evaluate the effect of the flow velocity on the corrosion resistance of the 90/10 copper-nickel tube during 8 days of ageing time in synthetic sea water at 60 °C. Obtained Results of LPR are compared to the R p values extrapolated from EIS measurements, to validate the equivalent circuit used to simulate the experimental impedance data. As shown in Fig. 8 , we note that the values of R p and LPR are very close, which proves the coherence of both techniques used to measure the polarization resistance. In stagnant medium, LPR increases strongly during the first stage of immersion. It reaches 50 KΩ cm −2 after 96 h. This evolution is probably due to the reinforcement of the protective oxide film. In hydrodynamic medium, it appears that the protective layer was formed within the first hours and then was gradually destroyed after 24 h. It confirms that, the flowing condition present an aggressive factor to favorite the metal oxidation after 8 days. Thus hydrodynamic conditions would affect not only film formation kinetic (at short times) but also the film structure and stability at longer times. 
Morphology Observation and Composition Analysis by Raman Spectroscopy
Examination of the images revealed a homogeneous brown surface with the presence of a white drop for the 60 °C temperature in a stagnant medium (Fig. 9a) However, under hydrodynamic conditions with a circulation rate of 0.01 L s −1 of corrosive solution We distinguish the presence of a thick film, through which the polishing scratches are invisible compared to the image of the electrode immersed in immobile medium (Fig. 9b) For a better identification of the corrosion product film, Raman analyses were performed on the metal surface at the end of the OCP measurements. Different compounds were clearly identified and are shown in Fig. 8 . As expected, under stagnant medium, the protective film is mainly composed of copper oxide as cuprite Cu2O (peaks at 220, 344, 455, 614 cm −1 [48] [50] , one of the three allotropic forms of CaCO3 that precipitate in seawater. The formation of such calcareous compounds is in favour of an increase of the cathodic reactions with the increasing temperature. Indeed, in order to obtain calcareous deposit, the interfacial pH should reach 8.3 for CaCO 3 precipitation. It's confirmed the shift of OCP where a generalized corrosion process takes place with active anodic and cathodic domain. On the cathodic area, the OH-production is due to an increase of the water reduction rather to the oxygen reduction. Indeed, oxygen concentration decreases. Thus, the pH increase is due to the increase of the water reduction on the metal surface. At the same time, a lower oxygen concentration at the interface inhibits the CuO and CuO 2 precipitation and thus favours the Cu 2+ release in the solution. Then, we observe a nickel oxide enrichment of the surface.
According to literature [51] , the corrosion resistance of copper-nickel alloy was improved by incorporation of Ni into the Cu 2 O film which decreases its ionic and electronic conductivity. Nickel ameliorates the anti-corrosion propriety of alloy mostly in the presence of iron [52, 53] .
For example, North and Pryor explained the anti-corrosion superiority of the copper-nickel alloy over that of pure copper in terms of the defective semi-conductor property of the Cu 2 O film on the copper-base alloys [53] . They hypothesized that nickel and iron were incorporated into the Cu 2 O film, occupied cation vacancies, and reduced the cation vacancy concentration and thus increased the corrosion resistance [51, 53] .
As it was known, the corrosion rate of Ni is at least two orders of magnitude lower than Cu [51, 54] . So the protective film becomes enriched in metallic Ni during the early stage of the immersion in seawater due to the corrosion rate of Ni being significantly lower than Cu. The Ni content enters in the Cu 2 O lattice to produce nickel oxide NiO, which is a result of dissolution of the outer layer and penetration of seawater at some locations over increasing of immersion time [51, 54] .
Conclusion
Corrosion behaviour of Cu-Ni 90/10 alloys in synthetic seawater change with flow velocity. By comparing the results obtained under stagnant and hydrodynamic condition, we can conclude that the turbulent medium leads, to an ennoblement of OCP and E corr values, and an increase of the corrosion current density, a disappearance of the limit current of oxygen diffusion as well as a decrease of transfer and polarisation resistances. All these results are convergent and infer that the seawater circulation, not only limit the access of oxygen to the level of the electrode which prevented the formation of a stable layer on the Cu-Ni 90/10 alloys surface, but present a favour factor for the elimination of the layer by the corrosion erosion phenomena. This layer stable under stagnant conditions seems to reduce the dissolution of the metal. It would mainly contain copper based compounds in addition iron and nickel compounds. The same layer deposited on the sample surface may also contain some calcium and magnesium salts. This was confirmed by visual observations such as the one performed on the corroded tube removed from a desalination unit installed within the Tunisian Chemical Group in the south of Tunisia.
